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In first generation optical networks which are in existence today, the electronics at 
a switching node not only handle all the data intended for that node i.e., header part, but 
also all the data that is passing through that node i.e., payload part. Researchers realized 
that if the later part i.e., payload part could be routed through in optical domain, the 
burden on the underlying electronics at the node would be reduced and thereby one can 
achieve switching at higher speeds. This has led to ‘all-optical’ switches, in which data 
portion of a packet remains in optical format from the source to destination, but header 
part will be processed using optical or optoelectronic techniques. Presently there exists a 
limit on the number of wavelengths that can be multiplexed using WDM (Wavelength 
Division Multiplexing) and hence on the number of buffers that can be used in optical 
domain. So there is a need for having switching strategies which us^buffer efficiently. 
Keeping this facts in mind switching strategies have been proposed in this work for an all- 
optical packet switch using shared buffer architecture with and without priority traffic. 
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Chapter 1 
Introduction 


1.1 Photonic switching 

The existing telecommunication networks, whether circuit switched or packet 
switche^are oriented towards particular applications. Thus, we have different networks 
for voice, video and data applications operating in parallel and independently. While 
each of these networks is suitable for the application it is designed for, they are not very 
efficient for supporting other applications. Requirement of broadband integrated 
communication system, which can accommodate a variety of diverse services with 
different bandwidth, has been recognized for quite a long time. The range of future 
services will be very diverse in terms of channel occupancy (continuous or bursty), 
channel capacity required, connection setup time, connection duration and bandwidth 
used [4]. Broadband Integrated Services Digital Networks (BISDN) are expected to 
provide these services. Few examples of such services are high-speed computer file 
transfers, interactive computer data exchange, and multimedia connections (e.g. video on 
demand) [2]. These networks and nodes are capable of sharing the bandwidth between 
different type of users. Main requirements of BISDN are wide bandwidth, high speed 
and fast switching, which are difficult to meet with electronic technology. Photonic 
technology has the capability to fulfil these requirements and presently numerous efforts 
are being made to exploit it [1]. 

Optical fiber has replaced cables as transmission media for the most of the long 
distance Wide Area Networks (WANs) as well as Local Area Networks (LANs) !as they 
provide large bandwidth with virtually no loss. Optical to electrical and electrical to 
optical conversion limits bit rates that can be achieved in fiber link. It also limits the bit 
rates with which switching node operates. Optical fiber can pro\ide capacity of some 
thousands of GHz [5]. This capacity of optical fiber is not used fully due to switching 
speed at the switching nodes in the present electronic switches. This has led to “all- 


1 



optical” (photonic) switches. The term “all-optical” implies that the data portion of a 
packet remains in optical format from the source to the destination. While the data 
remain all optical, both optical and optoelectronic techniques have been used to process 
packet routing functions^ Use of optical switching will make it possible to have ultra high 
bit rates in optical fiber, thereby utilizing the available capacity. 

1.2 Photonic packet switching 

Packetized communication is the transportation of data as a discrete unit or 
packet accompanied by some form of routing information. Packetized communication 
has received importance due to the reason that it uses resources efficiently compared to 
circuit switching, and also because it will carry data in some specified sizes of packets 
irrelevant of what data it is carrying, thereby providing uniformity which is required in 
broad band data transfer applications. 

Photonic packet switching has recently received increased attention due to rapid 
growth in Internet traffic and the need for next generation Internet technologies [8]. The 
proliferation of data and packet switched networks in our everyday activities and 
commerce has raised the importance of advancing research beyond circuit switched 
optical networks to support packet switching. Photonic packet switches offer high speed 
(i.e., data rate), format transparency, and flexibility required by future communication 
networks. Packet switching requires delay elements (i.e., buffering) at the switching node 
to save packets contending for the same output line. Generally a fiber having length 
equal to the necessary delay is used to provide delay in the present photonic switching 
nodes. In these delay elements, once the signal enters the fiber it will come out of it after 
a fixed 'interval of time [6]. Purely high-speed photonic packet switching is today limited 
by the difficulty of synchronizing, decoding and buffering directly in the photonic 
domain. Presently many architectures are under investigation for all-optical (photonic) 
packet switching. Key technology issues involved in photonic packet switching [8] are; 

• packet generation 

• header coding 

• optical buffering 

• synchronization 

• regeneration 
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• fast optical switching 

In this work we have concentrated on switching strategies with and without priority 
using photonic packet switching architecture based on multiwavelength fiber loop 
memory proposed in RACE (Research and development in Advanced Communications 
in Europe) ATMOS (ATM Optical Switching) project [2] . 

1.3 A comparison of photonic and electronic packet 
switches 

There are some important differences between photonic and electronic switch 
technologies [10]. One distinction between switching signals electronically and optically 
is that electronic data can be stored statically, while optical data can not be stored 
statically and must be processed and switched on the fly. Other factors that influence a 
packet switch architecture come from the relative cost of switch facilities versus 
bandwidth. Electronic packet switching offers advantages in terms of cost, as switch 
crosspoints and memory needed in the switch are easily available in the integrated forms 
as RAMs (Random Access Memory). Therefore, routing techniques were developed that 
heavily utilized memory for synchronization, flow control, and contention resolution. 
But the switching speeds that are possible with these switches are limited and hence with 
these switches link bandwidths are not used efficiently. The situation is reversed for 
photonic switching systems. The link bandwidth of optical fibers is relatively 
inexpensive, whereas photonic switch elements, optical memories are more expensive 
than their electronic counterparts. 

The buffer size or depth of an electronic switch is chosen to handle the mismatch 
between the input flow of packets. Buffering is also used to pipeline packets through the 
switch, providing an increase in throughput with a trade off in latency. From broad band 
communications perspective electronic buffers can be a limiting factor. Photonic switch 
research has been presently focused on how to best utilize the wide bandwidth to 
increase performance or fulfill the requirements, which are difficult to be achieved with 
electronic switching. One example is the capability of photonic switches in conjunction 
with optical fibers to maintain data in all-optical format from the source to the final 
destination. This characteristic allows the simultaneous transport of multiple data rates 
(data-rate transparency) and multiple formats (format transparency). 
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Photonic packet switches are characterized as elastic-buffered or passive- 
buffered. Here, the term passive-buffered implies that only passive delay lines are used, 
t 5 ^ically fiber loops. The primary type of optical buffer in use recirculates packets 
instead of holding them statically or stationary in memory. It is also possible to store 
multiple packets in a single fiber loop using WDM technology. Due to noise 
accumulation in the fiber loop memory the depth of fiber loop memory can not exceed 
certain number of recirculations. This implies that we can not save more than some 
number of packets for any particular output. The noise accumulation in the fiber loop is 
proportional to the number of wavelengths used in the fiber loop, which are used to save 
the packets in the case of contention. This causes a limitation on the number of 
wavelengths that can be used in the fiber loop. Hence there is a need of algorithms for 
photonic switching that uses buffer efficiently. 

1.4 Necessities of priorities in a packet switched network 

As mentioned in section 1.1 future broadband networks are required to provide a wide 
variety of services with very different bandwidth and quality of service (QoS) 
requirements. Because of statistical multiplexing of a large number of sources in these 
applications, congestion may arise in these networks due to overlap of peak rate of 
different sources in time. This could lead to the possibility of cells being lost inside the 
network or being delayed making them useless at receiver. This will happen specifically 
in real time services. The main QoS requirements deal with cell loss rate and transfer 
delay characteristics. 

One way to provide different QoS is by carefully dimensioning the network to 
satisfy the most stringent QoS requirement. Such an approach leads to poor utilization of 
network resources. A more flexible approach is to provide some priority mechanism 
inside the network. Priorities can be of two types: delay (or time) priorities and loss (or 
space) priorities. Delay priorities provide preferential services to some classes of traffic 
in order to control their end-to-end delay and delay variations. Loss (or space) priorities 
provide preferential access to buffer space. In this work, we shall deal only with loss 
priorities. 
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1.5 Objective of the thesis 

In this work switching algorithm for an all-opiical packet switch based on multi- 
wave length fiber loop merpory is considered so that we can use buffers (wave lengths in 
the fiber loop) efficiently. We have implemented two strategies for switching within the 
photonic switch based on multiwavelength fiber loop memory. 

1. In the first strategy we have considered the case in which packets are dropped in 
the fiber loop memory due to accumulation of noise, after rotating ‘recirculation limit’ 
number of times. We call this strategy as ‘dropping packets inside’, as the packets are 
lost inside fiber loop after rotating ‘recirculation limit’ number of times. 

2. In the second strategy controller will drop newly arrived packets at the inputs so 
that in the buffer at the end of any time slot there are no packets for a particular output 
exceeding ‘recirculation limit’. We will call this strategy as ‘dropping packets at the 
input’, because packets for a particular output are limited at the inputs of the switch. This 
strategy is supposed to use the buffer more efficiently. From simulation of this two 
strategies parameters of interest for a packet switch such as packet loss probability, delay 
experienced by a packet in the switch are calculated and compared. 

We have also proposed priority switching algorithm for the all-optical packet 
switch based on multiwavelength fiber loop memory, for two classes of arrivals one 
which is loss sensitive and having high priority, another is loss insensitive and having 
low priority [13,15]. In this algorithm we will try to save high priority packets as far as 
possible^ From simulation of this algorithm packet loss probability, average delay for 
, both the classes of arrivals are calculated. And it is shown that high priority packets 
suffer low packet loss probability compared to low priority packets. This strategy is 
similar to ‘push out algorithm’, as low priority packets are pushed out from buffer once 
newly arrived high priority packets finds place in shared buffer and total number of 
packets for a particular output exceeds ‘recirculation limit’. The scheme is not exactly 
same as ‘push out algorithm’ discussed in literature [13] due to specific characteristics of 
optical switch. High priority packets on arrival will be lost if they do not find free 
buffers. While in ‘push out algorithm’ low priority packets are removed and in their 
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place high priority packets are filled in the same time slot. This is not possible with 
photonic switch based on multiwavelength fiber loop memory. Detailed discussion 
about this is given later. 

1.6 Organization of the thesis 

In Chapter 2, functions of a photonic switch are discussed. In Chapter 3, 
architecture of the photonic switch based on multi wavelength fiber loop memory, and 
little description of components used in the switch is given. In Chapter 4, model of the 
switch used for the simulation purposes is given. Then two switching strategies for the 
switch are discussed, (a) ‘Drop inside’ strategy and (b) ‘Drop at inputs’ strategy. In 
Chapter 5, priority switching algorithm for the switch is given. Chapter 6 presents results 
and performance of the switching strategies. Finally Chapter 7 focuses on the conclusion 
and future scope of this work. 
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Chapter 2 

Functions of a photonic packet switch 


Important functions that need to be performed at a photonic packet switching node [2, 10, 
1 1] are 

• Synchronization of incoming packets 

• Header recognition 

• Routing 

• Flow control and contention resolution 

Generally first function is performed by an unit known as link processor unit^ 
Thus link processor unit synchronizes the incoming packets. Switching fabric performs 
remaining functions. Switching fabric processes headers of the arriving synchronous 
packets at its input and routes them depending on the header information. Switching 
fabric uses buffers to store the packets contending for same output, so that they will be 
transmitted in successive slots. It will drop packets if sufficient buffers are not ther^ 
x^Hiereby achieving flow control. 

2.1 Synchronization 

Synchronization is the process of aligning two pulse streams in time. In photonic 
packet-switching networks (we are assuming packets of fixed size), it can refer either to 
the alignment of an incoming pulse stream and a locally available clock pulse stream or 
relative alignment of two incoming pulse streams. The function of synchronizer can be 
understood from figure 2.1. The two periodic pulse streams, with period T, shown in 
figure 2.1(a) are not synchronized because the top stream is ahead in time by AT. In 
figure 2.1(b), the two pulse streams are synchronized. 

Thus to achieve synchronization, the top stream must be delayed by AT with respect to 
the bottom stream. This delay is not fixed one. Synchronizer in the photonic switching 
node requires a tunable delay element, since the amount of delay that has to be introduced 
is not known a priori. Thus we will now discuss how tunable optical delays can be 
realized. 
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Fig 2.1 (a) The two periodic pulse streams with period T are out of synchronization; the 
top stream is ahead by AT. 



time 


time 


Fig 2.1(b) The two periodic streams have been synchronized by introducing a delay AT in 
the top stream relative to the bottom stream. 

Tunable delays 

A tunable optical delay line capable of realizing any delay, in excess of a reference delay, 
from 0 to T(l- 2'*^), in steps of T/2‘', is shown in figure 2.2. The parameter k controls the 
resolution of the delay achievable. The delay line consists of k fixed delays with values 
T/2, T/4,....,T/2‘‘'‘ , TI2^ interconnected by (k+1) 2x2 optical switches, as shown. By 
appropriately setting the switches in the cross or bar state, an input pulse stream can be 
made to encounter or avoid each of these fixed delays. If all the fixed delays are 
encountered, the total delay suffered by the input pulse stream is T/2+T/4+...+T/2^ '+ 
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T/2'‘ = This structure can be viewed as consisting of k-1 stages followed by an 

output switch as shown in figure 2.2. 


Cl delay T/2 C 2 delay T/4 Ck.i delay T/2'''‘ Ck T/2'' Ck+i 



1 Stage k-1 


Fig 2.2 A tunable delay line capable of realizing any delay from 0 to T(l-2'''), in steps of 

1 / 2 ^ 


The output switch is used to ensure that the output pulse stream always exits from the 

same port. Ci, C2, , Ck-i, Ck, Ck+i are control inputs. With a tunable delay line like 

the one shown in figure 2.2, two pulse streams can be synchronized to within a time 
interval of T/2*^. The value of k, and thus the number of fixed delays and optical switches, 
must be chosen such that 2'‘'T« x, the pulse width. Given a tunable delay, the 
synchronization problem reduces to one determining the relative delay, or phase, between 
two pulse streams. A straightforward approach to this problem is to compare all shifted 
versions of one stream with respect to the other. The comparison can be performed by 
means of a logical AND operation. This is somewhat expensive approach. An alternative 
approach is to use an optical phase lock loop to sense the relative delay between the two- 
pulse streams [11]. 

Generally framing pulses are used to mark the packet boundaries (we are 
assuming fixed size of packets), the framing pulses must occur periodically. Delaying one 
stream with respect to another as discussed above can carry out synchronization of 
packets. 
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2.2 Header recognition 

Control unit in the switching fabric performs this function. For a header of fixed 
size, the time taken for detecting and processing the header is fixed, and the remainder of 
the packet is buffered optically using a delay line of appropriate length. The processing of 
the header bits may be done electronically or optically, depending on what kind of 
processing is needed and the kind of control input required by the switch. Electrically 
controlled switches employing the electro-optic effect and fabricated in lithium niobate 
are most commonly used in switch based network experiments today. In this case, the 
header processing can be carried out electronically after the header bits have been 
demultiplexed into a parallel stream. The packet destination information from the header 
is used to determine using a look-up table the outgoing link of the switch for this packet. 
Conflict occurs if more than one inputs have a packets destined for the same output. This 
is the reason for having buffers in the routing node. The header information can be read 
by demultiplexing - the header by using TOAD (Terahertz Optical Asymmetric 
Demultiplexer) [11]. However, this is a relatively expensive way of reading the header, 
which is a task that is easier done with electronics than optics. With this in view, several 
techniques have been proposed to simplify the task of header recognition. One common 
technique is to transmit the header at a much lower bit rate than the packet itself, 
allowing the header to be received and processed relatively easily within the routing 
node. The packet header could also be transmitted on a wavelength that is different from 
packet data [1 1]. It could also be transmitted on a separate subcarrier channel on the same 
wavelength. All these methods allow the header to be carried at a lower bit rate than the 
high-speed data in the packet, allowing for easier header recognition. Some times there is 
a need to replace existing header with another header as done in ATM switches. This 
function is known as header regeneration. 

Header regeneration 

Header' regeneration is the process of computing, generating, and reinserting a header 
with the associated payload at the appropriate switch output port [10]. There are several 
circumstances where this functionality is required. A) in all-optical photonic switches 
where the header is completely removed from the payload for processing (e.g.. 
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multiwavelength out-of-band-signaling) or B) where routing strategies require a 
modification of the packet header (e.g., cell routing in the ATM switches). Many header 
replacement techniques for all optical packet switches have been proposed in literature 
[ 16 ]. 

2.3 Routing 

Routing is the method used to choose the preferred path to send a packet from its source 
to destination, whether it be input and output ports for a switch or end points in a multi 
switch network. Routing control may be centralized or distributed. Centralized control 
involves a single processor monitoring the network and setting up the switching states 
according to the routing requests. As networks become more widely distributed or 
incorporate more switches, centralized control degrades latency and throughput, and 
increases processing complexity. With distributed routing, packets carry destination 
information for processing at each node. This form of processing reduces the burden on a 
centralized processor and increases the switch throughput. Additionally, distributed 
routing decisions are local information, whereas with centralized routing, decisions in a 
wide area network are made on global and perhaps obsolete information. Mixtures of 
centralized and distributed routing may provide optimal performance since global 
information is often useful in computing routing path [10]. 

A routing protocol must be able to handle both switch level routing and 
contention resolution. Centralized and distributed switches can be classified as randomly 
(or semi randomly) connected or regularly connected. In real world applications, 
distributed switched networks evolve in a semi-random manner, where a mathematical 
relationship between the addresses of neighboring nodes are not guaranteed, and packet 
destination address must be .carried throughout the routing process. In this case, the 
destination address is mapped at each switch to a local switch output port. Generally, 
routing tables are maintained for this mapping. Electronically implemented routing tables 
grow in complexity and access delay with increasing network size can pose a switch 
bottleneck; therefore, parallel access optical and optoelectronic routing tables are 
desirable to maintain high switch performance. 
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2.4 Flow control and contention resolution 

Traffic in the switch and network must be regulated to prevent packets from mnning into 
each other or congesting resources. Contention resolution is needed to mediate flow of 
packets through internal switch links and switch output ports. In general, a routing node 
contains buffers to store the packets from the incoming links contending for the same 
output links. These packets are forwarded to output links in successive time slots and 
thereby contention is resolved. Buffers in the case of electronic switches are realized 
using Random Access Memory (RAM). This is unlikely to be practical, or even feasible, 
in photonic domain [11]. Presently optical buffers are generally realized from a length of 
fiber equal to the necessary delay. In these loops packets recirculate instead of staying 
stationary. There are buffering strategies that are used in general for packet switches and 
one need to investigate their applicability in photonic domain [6,9, 12]. 

A) Input buffering 

With input buffering switch (figure 2.3) an arriving cell enters a first-in first-out (FIFO) 
buffer located at its port of entry, if space is available. In each time slots, the switch 
resolves contentions priory to switching. If all head-of-line (HOL) cells are destined to 
distinct output ports, then all of them are admitted and switched to their desired output 
lines. However, if K HOL cells (1< K < N) are destined to a particular output port, only 
one cell is chosen, according to some selection policy, to be switched and other cells wait 
to participate in the next time slot selection process. Several selection policies have been 
proposed in the literature including the following [9,12]: 

• Random selection 

• HOL FIFO (or oldest HOL) selection 

• HOL LIFO (last-in first-out) selection 

• Global FIFO (or earliest arrival) selection 

• Longest queue selection 

• Oldest queue selection 

• Cyclic selection 

• Prediction based selection 


12 



1 


2 

N 



Fig 2.3 An input buffered switch. 

Input buffering switches with FIFO queueing suffer from HOL (Head Of Line) blocking. 
In any given time slot while a cell is waiting for its turn to access an output port, other 
cells may be blocked behind it despite the fact that their destination ports are possibly 
idle. The maximum throughput of these switches is limited to 0.586 [6, 9, 17] (for 
uniform traffic) regardless of specific selection policy. Input buffering is never proposed 
for purely optical implementation, primarily because of its poor performance. It is not 
possible to implement different selection policies, as they will require optical processors, 
which are difficult to implement [6]. 

B) Output buffering 

'In a timeslot there may be two or more packets contending for the same output port. In 
such a situation, given the assumption that input and output lines operate at the same 
speed, each output line can serve only one cell per time slot, hence other cells must be 
buffered. Output buffering as shown in figure 2.4 is buffering of packets at the output 
of the switch. Output buffering requires switch to be operated at a speed equal to N times 
the speed with which packets are coming on inputs. However, only one packet will be 
served by an output line (assuming inputs and output are operating at same speed) in each 
time slot and other cells with same output requests have to be buffered, if space is 
available. There is no problem such as HOL blocking for output buffering. Output 
buffering is the basis of many optical packet switches, although it is usual for an optical 
packet switch to emulate an output buffered switch rather than have separate identifiable 
output buffers. Once a packet is in a fiber loop delay line, it is not possible to change its 
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Fig 2.4 An output buffered switch 

delay by removing it before it reaches the end. This suits output buffering where the 
delay in each output buffer can be determined before the packet enters it [6] 

C) Shared Buffering 

Electronic shared buffering may be regarded as a form output buffering, where all 
theoutput buffers share the same RAM (memory) area. Hence, the capacity restriction is 
not on the number of packets in each individual buffer but on the total number of packets 
in all buffers. Shared buffering is one of the most common methods of implementing 
electronic ATM switches. Usually electronic ATM switches are implemented as shared 
electronic RAMs as shown in the figure 2.5. Here we have shown a shared buffer switch, 
which is having ‘B’ buffer positions, each can save a packet. Packets are assumed to be 



Fig 2.5 A shared buffer switch 
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of fixed size. When this scheme is to be implemented in optical domain, certain 
problems are present. One of the problems is non-availability of optical RAM, which can 
replace electronic RAMs. However, many optical packet switches use shared buffering 
when emulating output buffering, since the delay lines are shared among multiple output 
lines. The photonic switch under study which is based on multiwavelength fiber loop is 
modeled as shared memory switch with the constraints that 

1 . A buffer position can not be erased and written in to simultaneously in the same time 
slot. If electronic RAMs are used, this restriction is not there. 

2. There exists a limit on the number of recirculations after which it is not possible to 
recover original signal at the switch output due to noise accumulation within the loop. 

This will be discussed later in chapters 3 and 4. 

D) Recirculation buffering 

In recirculation buffering (shown in figure 2.6), a number of recirculation loops from the 
output of space switch are fed back to the input. Each loop has a delay of one packet. If 
more than one packet arrives at the input of space switch for a particular output, all but 
one are placed in to the recirculation loops. 
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Fig 2.6 switch employing recirculation buffer 
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When recirculation loops are implemented optically with unity delays, many 
recirculations are required, implying high loss and accumulation of amplifier noise in the 
loops. Since optical amplifiers are needed to compensate the attenuation and other losses 
in loop [6]. 



Chapter 3 

Photonic switch based on multi wavelength 

fiber loop memory 


3.1 Switch architecture 

This switch architecture has been proposed in ATMOS (Asynchronous Transfer Mode 
Optical Switching) RACE (Research and development in Advanced Communications in 
Europe) project [2], Photonic switch based on multiwavelength fiber loop memory 
switching fabric consists of two main functional blocks as shown in fig 3.1. 

1. A set of link interfaces, which perform signal regeneration and clock synchronization 
at the switching node. 

2. Switching fabric, which is responsible for the routing, header recognition, flow control 
and contention resolution functions. 


0 

1 


N-1 



Fig 3.1 ; Basic architecture of photonic switch based 
on FLM switching fabric 

Power of the incoming signal to the switch is small, as the signal has to travel long 
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Fig 3.2 : Switch fabric architecture of the all-optical 
switch based on fiber loop memory 
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distances. So there is need to regenerate signal. This is done by link interfaces. There is 
need to synchronize different packets coming at the inputs of the switch, as switching 
fabric operations assumes packets at its inputs to be synchronous. This synchronization is 
also performed by link interfaces. 

3.2 Switch fabric Architecture 

The switching fabric architecture is shown in the fig 3.2. The multi wavelength fiber loop 
memory in the switching fabric operates in a WDM (wavelength division multiplexed) 
regime. The fabric shown in figure 3.2, can be considered as basic matrix which can be 
used to build large dimensional in multi stage switch configuration. The basic matrix is 
characterized by N input and N output ports. The fiber loop length is equal to one cell 
period. The switching fabric consists of four functional blocks. 

•The cell-encoder block: incorporating N fast tunable optical wavelength converters. 

•The buffering block; multiwavelength fiber loop buffer (memory) which is used in case 
of contention. 

•The output block: consists of tunable filters. 

•The electronic control block: this block implements the switching algorithm. 

3.3 Operation of the switch 

Assumptions 

• Packets coming at the switch input are of fixed size. 

• The operation of the switch fabric [2,6] is synchronous on packet period basis, 
(synchronization of packets is performed by link processor unit) 

• There are delay elements at the inputs of the switch fabric, which provide delay so that 
processing of headers of incoming packets by the electronic controller is complete before 
the packet enter encoder block. 

• The switch uses (B+N) wavelengths. Where ‘5’ number of wavelengths corresponding 
to ‘B’ SOAs in fiber loop, and W’ number of wavelengths are used in the case of direct 
transmission to the output . 
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• All-optical wavelength converters at the inputs and tunable fillers at the outputs of the 
switch can be tuned to any of the (B+N) wavelengths instantaneously (ideally within zero 
time). 

If there is only one packet for a particular destination from inputs (assume there 
is no packet in buffer for this output), electronic controller after processing the header of 
the incoming packet as discussed in Chapter 2, will tune the all-optical wavelength 
converter at the particular input and tunable filter at the output to one of the N 
wavelengths used for direct transmission in that time slot. So the packet will reach at all 
the outputs, but will be received by only one particular output for which it is destined. 

In case of contention i.e., if there are more than one packet for some particular 
destination in the same slot (assuming that there are no packets for same output in 
buffers), one of the incoming packets is selected for direct transmission by tuning optical 
wavelength converter at that input and the tunable filter at the particular output to one of 
the N wavelengths used for direct transmission (controller has to make sure that no other 
input output pair involved in direct transmission is using the same wavelength in that 
time slot). Wavelength of each of the remaining packets is tuned to one of the free 
wavelengths (i.e., at which no packet is tuned in this time slot) in the fiber loop memory, 
if sufficient free wavelengths are available. Otherwise, controller will drop the packet. 
One implementation that is possible for dropping is to simply tune the particular packet to 
be dropped to one additional frequency at the output (This will increase the number of 
wavelengths in the switch to B+N+l). Thus the packets in fiber loop memory are kept 
recirculating (stored) in the WDM loop memory by activating the corresponding SOA m 
case it is required to be delayed. The switch gets the name from the fact that it will 
employ multiple wavelengths in the fiber loop to store the packets. 

At the input of the memory loop, half of the power enters the loop and half goes 
toward the outputs through the passive coupler, so that when the contention is resolved, 
the packet is routed to the destination link simply by properly tuning the corresponding 
output tunable filter to the corresponding wavelength in the fiber loop. At the same time, 
the SOA in the loop is turned off to erase the packet in the memory. We can not erase and 
write into the same buffer (i.e., wavelength in the fiber loop) in the same time slot. The 
reason is explained in figure 3.3. 
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We assume that a packet is saved in Tk-i or any previous time slot in a SOA in the fiber 
loop memory, as there was more than one packet for some particular destination. In time 
slot Tfc the packet saved in the particular SOA is selected for transmission. As soon as the 
slot in which packet is read at output starts controller will turn off the SOA i.e., at 
Tk+At (At — ^0). 

Tk- 1 Tk Tk.i 


¥ 


time 


Tfc+At 

Fig 3.3 SOA in the fiber loop memory is turned off immediately the packet in it is 
selected for transmission 

This causes the simultaneous erasure as well as reading of packet. As SOA remains off in 
the time slot Tk new packet can not be stored on this wavelength. 

3.4 Description of components in the switch 


The main components in the switch are 3-dB directional coupler, \xN splitter and Nxl 
combiner (which can be made using iV-I 2x2 3-dB couplers in multistage configuration), 
multiplexer/demultiplexer, SOA (semiconductor optical amplifiers), EDFA (Erbium 
doped fiber amplifier), tunable wavelength converters and tunable filters. 

3.4.1 3-dB directional coupler 

A directional coupler is used to combine and split the signals in an optical network. A 
2x2 coupler consists of two input ports and two output ports, and is shown below in 
figure 3.4. 


Input 1 


Output 1 


Innut 2 



/ 

Fig 3.4: A directional coupler 
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One possible construction for a directional coupler is to fuse two fibers together in 
middle; another possibility is to fabricate it using waveguides in integrated optics. By a 
careful design, a coupler can be made wavelength independent over a usefully wide 
range. Such a coupler, shown in figure 3.4, takes a fraction a of the power from input 1 
and places it on output 1 and the remaining fraction 1-a on output 2. Likewise, a fraction 
1-a of the power from input 2 is distributed to output 1 and the remaining power to 
output 2. A coupler can be used as a power splitter if the coupling length, / in the figure 

3.4, is adjusted such that half the power from each appears at each output. Such a coupler 
is called a 3-dB directional coupler. 

3.4.2 Splitter and Combiner 

A star coupler is a natural generalization of the 3-dB 2x2 coupler. In this switch a 
structure made using 3-dB 2x2 couplers is used at the input as combiner and at output as 
splitter. In general a Nxl combiner or IxA^ splitter (where N = 2*^, k=l,2,..) can be 
realized using N-l 3-dB 2x2 couplers. For example an 8x1 combiner is shown in figure 

3.5. It is realized from 7 3-dB couplers. Power of the signal after combining reduces to 
(1/AOtb of that of at the input of combiner for an Nxl combiner. 


inputs 



output 


Fig 3.5: Star coupler as combiner 

The same device acts as splitter (IxN) if input becomes output and output become input 
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respectively. In this case also power at the output of splitter reduces to (1/AOth of that at 
the input. 

3.4.3 Multiplexers/Demultiplexers 

Function of a nnultiplexer is in general to combine many signals at its inputs to a signal at 

output as shown in figure 3.6. This can be realized as a wavelength flattened combiner in 

optical communications using WDM. 

Optical 

filter 
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Fig 3.6: A WDM multiplexer 
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Fig 3.7: A WDM demultiplexer 

Function of a demultiplexer in general is to separate the signal on different wavelengths 
in same fiber and send them to separate output fibers. This can be realized in general as a 
splitter followed by filters (figure 3.7). The outputs are then amplified by using SOAs in 
the fiber loop. SOAs acts as gates in the loop and can also be used to block the signals. 
3.4.4 Wavelength converters 

A wavelength converter is a device that converts incoming data from one incoming 
wavelength to another outgoing wavelength. Wavelength converters are useful 
components in WDM networks for three major reasons. First, data may enter the network 
at a wavelength that is not suitable for use within the network. Second, wavelength 
converters may be needed within the network to improve the utilization of the available 
wavelengths on the network links. Finally, wavelength converters may be needed as 
boundaries between different networks are managed by different entities and these 
entities do not coordinate the allocation of wavelengths in their networks. Wavelength 
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converters can be classified based on the range of wavelengths that they can handle at 
their inputs and outputs. A fixed-input, fixed-output device always takes in a fixed-input 
wavelength and converts it to a fixed wavelength. A variable-input, fixed-output device 
takes in a variety of wavelengths but always converts the input signal to a fixed-output 
wavelength. A fixed-input, variable-output device does the opposite function Finally, a 
variable-input, variable-output device can convert any input wavelength to any output 
wavelength. There are three fundamental ways of achieving wavelength conversion (a) 
optoelectronic, (b) optical gating, and (c) wave mixing [11]. 

3.4.5 Tunable filters 

A variety of optical filters are available. Their key characteristics for use in systems are 
the following. 

1 . Good optical filters should have low insertion losses. The insertion loss is the input- 
to-output loss of the device. 

2. The loss should be independent of the state of polarization of the input signals. The 
state of polarization varies randomly with time in most systems, and if the filter has a 
polarization-dependent loss, the output power will vary with time as well, which is 
undesirable. 

3. Time required for tuning must be very small (of the order of nano seconds). 

4. Signal at the input of filter should not be reflected back. 

5. The passband of a filter should be insensitive to variations in ambient conditions e.g., 
temperature. 

3.4.6 SOA (Semiconductor Optical Amplifier), EDFA (Erbium-Doped Fiber 
Amplifier) 

Amplifiers are required in the fiber loop because signal power decreases in the loop, as 
signal has to pass through demultiplexer, multiplexer (which are generally realized using 
3-dB couplers as mentioned above) and 3-dB coupler in which power level decreases. If 
we are employing B buffers in the fiber loop and multiplexer, demultiplexer are realized 
in the loop as mentioned from 3-dB couplers then without amplifiers signal power level 
reduces to \I2B^ after first rotation. In successive rotations this means very small power, 
and consequently signal will be lost. In order to increase the possible number of 
recirculations one has to employ amplifiers in the fiber loop as shown in figure 3.2. 
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Before going to brief description of SOA and EDFA two important physical phenomenon 
need to be discussed. 

Stimulated Emission: 

In SOA and EDFA, the key physical phenomenon behind signal amplification is 
stimulated emission of radiation by atoms. According to the principles of quantum 
mechanics, any physical system (for example, an atom) is found in one of a discrete 
number of energy levels. Accordingly, consider an atom and two of its energy levels, E{ 
and E 2 , with E 2 >E\. A photon whose frequency/, satisfies hfi=E 2 -E\ induces transitions 
of atoms between the energy levels Ei and E 2 . Here, h is Planck’s constant (6.63 x 
Js). This process is depicted in figure 3.8. 

Stimulated 

pmi«!.«;inn 

Ez 

Optical 
signal 

El 

Absorption 

Fig 3.8: Stimulated emission and absorption in an atomic system with two, energy levels. 

Both kinds of transitions, E\ -4 E2 and £2 -> E\, occur. E\ — > Ez transitions are. 
accompanied by absorption of photons from the incident beam. £2 — > Ei transitions are 
accompanied by the emission of photons of energy hfc, the same energy as that of 
incident photons. This emission process is termed stimulated emission to distinguish it 
from another kind of emission called spontaneous emission, which will be discussed 
later. The simulation emission results in photon, which is coherent in phase and direction 
with incident photon. If stimulated emission dominates over absorption-that is, the 
incident signal causes more £2 -4 £1 transitions than £1 -4 £2 transitions then one will 
have a net increase in the number of photons of energy hfc and amplification of the signal 
will result. Otherwise, signal will be attenuated. It follows from the theory of quantum 
mechanics that the rate of Ei -4 £2 transitions per atom equals the rate of the £2 -4 £| 
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transitions per atom. Let this common rate be denoted by r. If the populations (number of 
atoms) m the energy levels E\ and E2 are N\ and N2, respectively, we have a net increase 
in power of {N2 —N\)rhf^. Clearly, for amplification to occur, this must be positive, that is, 
N2 > This condition is known as population inversion [ 11 ]. Population inversion can 
be achieved by supplying additional energy in a suitable form to the pump the electrons 
to the higher energy level. This additional energy can be in optical form or electrical 
form. 

Spontaneous Emission: 

Consider again the atomic system with the two energy levels discussed earlier. 
Independent of any external radiation that may be present, atoms in energy level £2 
transit to the lower energy level E\ emitting a photon of energy hjc- The spontaneous 
emission rate per atom from level £2 to level E\ is a characteristic of the system, and its 
reciprocal, denoted by T21, is called spontaneous emission lifetime. Thus if there are N2 
atoms in level £2, the rate of spontaneous emission is and the spontaneous 

emission power is /i/tA^a/Tzi- The spontaneous emission process does not contribute to the 
gain of the amplifier. Although the emitted photons have the same energy hf - as the 
incident optical signal, they are emitted in random directions, polarizations, and phase. 
This is unlike the stimulated emission process where the emitted photons not only have 
the same energy as the incident photons but also the same direction of propagation, 
phase, and polarization. This phenomenon is usually described by saying that the 
stimulated emission process is coherent, whereas the spontaneous emission process is 
incoherent. The amplifier treats spontaneous emission radiation as another 
electromagnetic field at the frequency hfc and the spontaneous emission also gets 
amplified, in addition to the incident optical signal. The amplified spontaneous emission 
(ASE) appears as noise at the output of the amplifier. 

EDFA (Erbium-Doped Fiber Amplifier) 

An doped fiber amplifier (DFA) schematic is shown in figure 3 . 9 . It consists of a length 
of silica fiber whose core is doped with the rare earth elements. One of the commonly 
used dopant is Er^"^ and results in EDFA [ 1 1 ]. This fiber is pumped using a pump signal 
from laser. So at the input end of doped fiber is a wavelength selective coupler which is 
used to combine the output of the pump laser with the input signal. At the output, another 
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coupler separates the amplified signal from any remaining pump signal power. Usually 
an isolator is used at the input and/or output of amplifier to prevent reflections from 
going back to amplifier into the amplifier. A combination of several factors has made the 
EDFA the amplifier of choice in today’s optical communication systems. This includes 
(a) the availability of compact and 
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coupler 

Fig 3.9: A doped fiber amplifier 

reliable high-power semiconductor pump lasers, (b) the fact that it is an all-fiber device, 
making it polarization independent. Further it can be splited with the transmission 
medium resulting in much smaller coupling losses, (c) the simplicity of the device, and 
(d) the fact that it introduces no crosstalk when amplifying WDM signals 
SOA (Semiconductor Optical Amplifier) 

The SOA is essentially a pn- junction. The depletion layer that is formed at the junction 
acts as the active region. Light is amplified through stimulated emission when it 
propagates through the active region. For an amplifier, the two ends of the active region 
are given an antireflection coating to eliminate ripples in the amplifier gain as a function 
of wavelength. Semiconductor optical amplifiers differ from EDFAs in the manner in 
which the population inversion is achieved [11]. In practice, bandwidths of the order of 
100 nm can be achieved with SOAs. This is much larger than what is achievable with 
EDFAs. Signals in the 1.3 and 1.5 pm bands can even be simultaneously amplified using 
SOAs. Nevertheless, EDFAs are widely preferred to SOAs for several reasons. The main 
reason is that SOAs introduce severe crosstalk when they are used in WDM systems [11]. 
The gains and output powers achievable with EDFAs are higher. The coupling losses and 
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polarization losses are also lower with EDFAs since amplifier is also a fiber. Finally, the 
SOAs require very high quality antireflective coatings on its faces, which is not easy to 
achieve. In the switch fabric shown in figure 3.2, SOAs are used to amplify signals at 
particular wavelengths and FDFA are used to amplify the WDM signal. 


3.5 Concept of ‘recirculation limit’ 

Consider a fiber loop with a single SOA in it as shown in figure 3. 10. 



SOA 


Fig 3.10: A fiber loop with SOA. 

Consider initially S,n is the signal entering in to the loop. After first rotation total power at 
the SOA output will be GSJ2 + N\. Where, N\ will be the ASF (Amplified Spontaneous 
Emission) noise generated in the SOA (the reason why it is generated is explained in 
3.4.6), and G is the gain of the SOA. G is given by 

G = Go[e'^°~'^''‘"''‘"‘] (3.1) 

Where, G - gain of the SOA 

Go - unsaturated gain of the SOA 

Pin- input power for SOA (initially it is Sin/2) 

Psat - saturation power level of the SOA 

After first rotation when signal enters second time in to the loop total power at the input 
of the SOA is Vi (GSiJ2+Ni), and output power at the SOA is G/2x{GSijJ2+Ni) + N 2 - 
Where Nj is the ASE noise added by the amplifier in the second recirculation. Hence 
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ASE noise gets accumulated in each recirculation within the loop. After few number of 
rotations S/N ratio decreases so much that we can not identify the required signal at the 

output. Hence there exists a limit on the number of recirculations possible. This is termed 
as ‘recirculation limit’. 
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Chapter 4 

Switching strategies for the switch 

In this chapter a model for the switching fabric of the photonic switch based on 
mutiwavelength fiber loop memory is presented. Then the two switching strategies for 
the switch which has to be performed by the high-speed electronic controller (as there 
exists no optical processors) in the switch have been presented. 

4. 1 Model of the switching fabric 

We can model the above switching fabric as a NxN shared buffer switch to which 
packets are coming synchronously because, the wavelengths in the fiber loop are shared 
by each output to save contending packets, with the following constraints 

1) We can not erase and write in a buffer position in the same slot, which is possible in 
electronic shared buffer architectures. 

2) There exists a limit on the max delay that can be provided by the switch. This limit 
comes from the fact that there exists a limit on number of recirculations possible for a 
packet. 
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Fig 4. 1 : model of switching fabric for the photonic switch based 
on mutiwavelength fiber loop memory as a shred buffer switch with some 
constraints. 
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4.1.1 Traffic model 


Here, we refer to the tralfic as seen by the input ports of the switching fabric. The traffic 
model is described by two random processes. The first is that governs the arrival of 
packets in each time slot. The second process describes the distribution by which arriving 
packets choose their destination ports. In this thesis we assume traffic to be uniform. In 
this traffic model, packets arrive at each input ports of the switch according to 
independent and identically distributed Bernoulli processes, each with parameter p {0 < p 
< 1). In other words, at an input port in a given time slot, a packet arrives with probability 
p, and there is no arriving packet with probability l-p. Thus, p represents the input load 
or the arrival rate to each input port of the switching fabric. An incoming packet chooses 
its destination uniformly among all N output ports, and independently from all other 
requests i.e., it chooses a particular output with probability \fN. This traffic model is 
some times referred to as the independent uniform traffic model or simply the random 
traffic model. This assumption can be justified because it was observed that the traffic 

I 

arriving at the switching nodes is less bursty than the traffic arriving at user nodes, due to 
inherent smoothing that takes place when bursty packet streams are queued and then 
released at a given rate (the link service rate) to the network. Furthermore, it was 
observed that the subsequent stages cause the traffic to become even less bursty, making 
the uniform traffic assumption closer to reality [14]. 

4.1.2 Modeling the ‘recirculation limit’ 

The switch can not provide delay more than recirculation limit. Thus there exists a limit 
on the delay provided by the switch to packets going for any particular destination. We 
will indicate this maximum delay (i.e., recirculation limit) with b in our model. We are 
assuming that B < Nb, as it is not possible to use more number of wavelengths in the fiber 
loop memory due to noise limitations. If S > Nb, then this reduces to the simple case of 
output queueing structure with output queue length for any output not exceeding b, the 
recirculation limit and employing common buffers (B in number) for storing packets in 
the case of contention. Thus the switch can be modeled (assuming B < Nb) on overall as a 
shared buffered switch with constraint on maximum logical queue length for any 
particular output (i.e., logical queue length of the particular ouQ)ut can not exceed b, the 
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recirculation limit) and we can not erase and write (or vice versa) in a buffer position in 
the same time slot. 

4,2 ‘Drop inside’ switching strategy 

In general switching strategies required in the switch has to utilize buffer space 
efficiently. Here in this switch this issue is more important than in normal circumstances, 
as we can not use more than certain number of wavelengths in the loop to save 
contending packets due to noise limitations. 

In ‘drop inside’ switching strategy in the case of contention controller will check 
in every time slot whether there are sufficient number of available free wave lengths in 
the fiber loop to save contending packets for each of the output (one packet will be 
transmitted in the time slot if any, for each output). If there are not sufficient number of 
available free wavelengths in the fiber loop, controller will drop newly arrived packets by 
randomly selecting some. In this process it is made sure that there will be at least one 
packet if any, for transmission to each output. After dropping packets, all remaining 
packets, except those selected for transmission from newly arrived packets in this slot are 
saved by turning the SOAs in the buffer positions ON. Packets for any particular output 
can recirculate at most b recirculations (i.e., can be provided delay of at most b). If any 
packet has rotated more than b recirculations the signal power corresponding to the 
information bits in the packet reduces so much that receiver will not able to identify the 
signal (i.e., information bits of the packet), and such packets are erased from fiber loop 
memory (or dropped inside the loop). That is why we are calling this switching strategy 
as ‘drop inside’ strategy. In the beginning of each time slot controller will check the 
status of packets saved in the loop. If it identifies that any packet in the fiber loop has 
rotated for more than b recirculations, it will free the buffer by turning OFF the SOA 
corresponding to that buffer position in which packet is saved. The algorithm for this 
strategy is presented below and then explained. 

Algorithm: 

-All packets upon arrival in a slot are analyzed for their destination. For each output ‘i’ 
number of new packets arrived in this slot are determined. 
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—All packets in buffer are analyzed and arranged in queues for each output ‘f with packet 
having larger delay being ahead in queue. 

-If delay for any packet in buffer is greater than b (recirculation limit) it is marked as 
dropped. But as the packet will be erased in current time slot, no new packet can be 
stored on this wavelength This wavelength becomes free in next time slot. 

-For each output ‘f, 

If there is packet in buffer, no packet from input is assigned direct wavelength. 

If there is no packet in the buffer, one of the packet from input is assigned direct 
wavelength. 

-Determine the number of free wavelengths on which packets can be stored. Find 
number of packets at inputs need to be stored. 

While (number of packets need to be stored at inputs > free wavelengths) 

Choose randomly one packet from input and drop it. 

-Assign free wavelengths to all the remaining input packets to be stored. 

-All the packets in buffers with maximum delay are transmitted and corresponding buffer 
positions are marked empty. 

The above algorithm transcends to the following steps to compute average delay and 
probability of blocking. Before going to these steps variables used in them are defined. 

''sum' = sum of all the packets to all ‘i’s arrived in all the slots, 

'dropped' = total number of packets dropped in all the slots, . 

'delay' = sum of delays of transmitted packets in all slots, 

'totaltx ' = the count for total transmitted p^kets. 

'pacjhisslof = number of packets arrived in that particular slot. 
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'bufreqd’ = number of buffers required in that particular time slot, 

"freebuf represents free buffer positions available for storage in that particular timeslot, 
‘dropinside’ is a variable representing the number of packets that need to be dropped in 
side buffer in the particular slot as these packets have rotated already b recirculations, 
"posinuse' is a variable saving the buffer positions in which packets have delay greater 
than b and will be dropped in current slot. 


For each output i (/=0 to 7/-1, where N is number of input or output lines) there 
are two logical queues. ( 1 ) From buffer to i, represented by Wbuf,, of length Xbuf.i and (2) 
From newly arrived packets in that time slot to i, represented by of length Xnew., as 
shown in the figure 4.2. 
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Fig 4.2: logical queues used in the algorithm. 

'bufreqd[ij' represents number of buffers required to save packets contending for i, 
"selected[iy represents buffer position or input port number from which packet will be 
selected for transmission for ‘i’ th output. 

Step 1 : sum=0, dropped=0, delay=0, totaltx=0. 

Step 2: Get packets from link-processor, sum = sum + pac_thisslot, set dropinside=0, 
bufreqd = 0,freebuf= 0. 

Step 3: Check if in any buffer position delay > b.lf delay > b for any buffer position 
increment ‘dropinside’ by 1 and note that buffer position in ‘posinuse’. Drop the packet 
from that buffer position and turnoff SOA. For each dropping increment ‘dropped’ (i.e., 
dropped = dropped +7). 
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Step 4: Form logical queues from buffer to i, Wbuf.i of length Xbup and from newly arrived 
packets in that time slot to i, represented by VF„e„., of length Xnew.i - 

bufreqd[/] = , if Xbui , > 0 

= Xnew.i - 1 , if Xbufi = 0 and Xnew.i > 0, becausc one packet can use direct 
wavelength for transmission 

= 0, otherwise 


N-\ N-\ 

bufreqd = ^bufreqdfi] , freebiif= B - ‘dropinside’. 

1=0 ,=o 

Define dij^= bufreqd —freebuf. If (diff>0) select some i such that [(Xnew.i > 1) or (Xbup > 
0 and Xnew.i > 0)] randomly. Drop a packet randomly from queue W„ew.i- dropped = 
dropped +1, diff= diff—\. Repeat this process (i.e., selecting randomly i and dropping) 
till diff^Q. 

After this step X„ew,/ becomes , and becomes 
Step 5: selected[i] = randomly one from Wbu/.i with maximum delay, if Xbuf. t > 0 
= randomly one from , if Xbu/i = 0 and X , > 0 
= N+L (i.e., none) 

if selectedfi] != N+\ , delay - delay + delay of selected[i], totaltx = totaltx +1 . 

Step 6: Save remaining packets from (after selection) in to buffers by making sure 

that this buffer position is not one of 'posinuse\ for i =0 to N-1. Transmit selected[ij. 
Free the buffer positions from which packets are transmitted in this slot. 

Step 7: Increment delay of packets within buffer by 1. Increment present timeslot by 1. If 
present timeslot is not equal to time slot count go to Step 2, else go to Step 8. 

Step 8: Count parameters of interest 
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packet loss probability = dropped ! sum. 


average delay = delay/ totaltx. 

In Step 1 ‘sum’, ‘dropped’ , ‘delay’, ‘totaltx’ are initialized to zero. 

In Step 2 Packets after synchronization at link processor will arrive to switching fabric at 
the beginning of timeslot. Arrival process is uniformly distributed, ‘dropinside’ is 
initialized to 0. Controller will check in the beginning whether for any packet in the 
buffer the delay is greater than b and the packets are still required to provide delay. 
Controller will turn off the SOA corresponding to the particular buffer position and that 
buffer position is not available for storage as explained in section 3.3. So controller need 
to make sure that, the buffer position (which has been freed in this slot) should not be 
used in the same slot. So controller is saving the buffer positions which have been freed 
in this slot in a variable ‘posinuse’ . Each time controller is dropping a packet inside it 
will be incrementing ‘dropped’ by 1, ‘dropinside’ by 1, and controller will note the 
corresponding buffer position in ‘posinuse’. This is done in Step 3. 

In Step 4, controller first forms logical queues Wtup of length Xbuf.i and Wmw.i of length 
Xnew.i as explained in fig 4.2 for each i. Buffers required in this slot to save contending 
packets is calculated. ‘bufreqd[ij’ represents number of buffers required to save packets 
contending for i . This is equal to Xnew.t H Xbuf.i > 0. Reason is that, if there is any packet 
in the buffer that will be transmitted, in order to maintain FCFS (First Come First Serve) 
service. All the remaining packets for that destination have to be saved. If Xbuf.i — 0 and 
Xnew.i > 0 , which means that there are only newly arrived packets, for destination i, then 
one of them will transmitted and remaining has to be saved. In this case bufreqdfij 
equals Xnew.i - 1- Other wise (i.e., Xbitf,, = 0, Xnew.i = 0). implies that there are no packets. 
Total number of buffers required are for all I’s (i=0 to iV-1) is ‘bufreqcT equals sum of 

N-l 

‘bufreqd[ir over all I’s. Free buffers in the slot are given by ‘B - ’. But controller 

1=0 

has to make sure that it should not use the buffer positions of packets that are dropped in 
this slot in Step 3. So free buffers that are actually available for storage in the slot are 



N-\ 

given by '‘freebuf equals ‘5 - '^Xhi,u - dropinside’ . If packets to be saved exceeds than 

1=0 

free buffer positions available, controller will drop ‘'dijf (= bufreqd — freebuf) number of 
packets from newly arrived packets by randomly selecting some i, by making sure there 
exists at least one packet for transmission. The conditions which makes sure this is given 
as, select an /, such that > 1) or (Xbuf.i > 0 and > 0)] randomly. From the 

queue W„ew,i packets are dropped randomly, till ‘diff’ becomes 0 as in the algorithm. After 
this step Knew., becomes fO < < X„ew,, ), 'Wnew.i becomes , ( may be same as 

W„evv,, or some packets in this may have lost ). 

In Step 5, controller is selecting packets for transmission. Packets selected for 
transmission on i is from Wbu/.i with maximum delay(randomly) if , > 0, else if Xbup = 
0 and 0 then selectedfi] is randomly one from Wnew.i ■ Other wise, there is no 

packet on that line (this is represented by the case selected[i]= N+l. Controller will add 
the delay of selected packet to delay, increments totaltx, if packet is selected on i. This is 
done for all I’s. 

In Step 6, remaining packets inW„'^,^„ are saved in buffer positions, by making sure that 

the buffer position selected is not in 'posinuse’. Selected packets are transmitted. If 
selected packets are from buffers then corresponding buffer positions will be freed. 
Controller will increment delay for the packets saved in buffers before going for 
processing in next time slot. This is repeated. Packet loss probability, average dehy are 
calculated as explained in Steps 7, 8 of algorithm. 

4.3 ‘Dropping at the inputs’ switching strategy 

In ‘Dropping inside’ strategy, in the case of contention, packets will enter in to the 
buffer when they finds free buffers even when there are already more than or equal to b 
(recirculation limit) number of packets in the buffer for the same destination for which 
this newly '"arrived packets are destined. If there are already b or more packets in the 
buffer for a particular destination there is no point in saving the newly arrived packets for 
same destination in to the buffers, as they will be dropped inside the loop after 
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recirculating b number of timeslots. So in ‘Dropping at the inputs’ strategy controller has 
to drop packets destined for a particular output port at the inputs from newly arrived 
packets, if total number of packets (i.e., from buffer and from newly arrived) for the 
destination exceeds Z?+l Where one represents the fact that one packet will be 
transmitted in this slot. This directly means that by using this switch a delay more than b 
(recirculation limit) can not be provided as explained in section 4.1. In ‘Dropping at the 
inputs’ strategy controller will make sure that total number of packets in the buffer for 
any particular destination will not exceed b at the end of any timeslot. This strategy is 
expected to use buffers efficiently compared to ‘ Dropping inside strategy’. Algorithm for 
this switching strategy is presented and then explained. The two switching strategies are 
compared in Chapter 6. 

Algorithm: 

-All packets upon arrival in a slot are analyzed for their destination. For each output ‘f 
number of new packets arrived in this slot are determined. 

-All packets in buffer are analyzed and arranged in queues for each output ‘i’ with packet 
having larger delay being ahead in queue. 

-If total number of packets (from buffers and newly arrived) for any destination ‘i’ is 
exceeding b+l, some of the newly arrived packets for that destination ‘i’ are dropped 
randomly, to limit total number of packets for ‘i’ to b+l. 

-For each output ‘f. 

If there is packet in buffer, no packet from input is assigned direct wavelength. 

If there is no packet in buffer, one of the packet from input is assigned direct 
wavelength. 

—Determine the number of free wavelengths on which packets can be stored. Find 
number of packets at inputs need to be stored. 
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While (number of packets need to be stored at inputs > free wavelengths) 

Choose randomly one packet from input and drop it. 

-Assign all the remaining input packets to be stored free wavelengths. 

-All the packets in buffers with maximum delay are transmitted and corresponding buffer 
positions are marked empty. 

The above algorithm transcends to the following steps to compute average delay and 
probability of blocking. Before going to these steps variables used in them are defined. 

‘sum’, ‘dropped’, ‘delay’, ‘totaltx’, ‘pacjhis slot’, ‘bufreqd’, ‘freebuf , ‘bufreqd[i]’ , 
‘selected[i]’ , Whuf., , Xbuf.i, , Z„ew,, have same meaning as in ‘drop inside’ switching 
strategy, ‘total,’ represents total number of packets to ‘i’ th destination in that particular 
time slot. 

Step 1 ; sum =0, dropped =0, delay =0, totaltx = 0. 

Step 2: Get packets from link-processor, sum = sum + pac_this slot, set bufreqd = 0, 
freebuf = 0. 

Step 3: Form logical queues from buffer to i, Wbuf.i of length Xbuf,i and from newly arrived 
packets in that time slot to i, represented by Wmw.i of length Xnew.i ■ Define total, = Xbuj.i + 
Xnew.i • If (.totali >[fc+l]) drop diffJ = totaU - [b+\] number of packets randomly from 
logical queue Wnewj ■ For each packet dropping increment ‘dropped’ (i.e., dropped = 
dropped +1). 

After this step X„ew,i becomes and W^wj becomes . Do Step 3 for each i (i.e., 
i=0toN-l). 

Step 4: bufreqd[i] = Xj^^ , , if Xbuf,i > 0 

= K.W, - '^^Xbu},i = 0 and > 0, since one packet will be using 

direct wavelength. 
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0, otherwise 


N-l 

bufreqd = ^hiifreqd[i] , freehiif -B-^ Xh„i., . 

'=0 1 :^ 

Define diff'= hiifreqd - freehuf. If idiff>0) select some i such that [(X 1) or (Xbuf., > 
0 and > 0)] randomly. Drop a packet randomly from queue Increment 

"dropped' by I for each packet dropped and decrement "dijf by l(i.e., dropped = 
dropped + 1, dijf= diff'-\). Repeat this process (i.e., selecting randomly i and dropping) 
till dij^Q. 

After this step becomes X,;„,,,and becomes 
Step 5: selectedfi] = randomly one from Wbup with maximum delay, if Xhuj , , > 0 
= randomly one from , if Xtu/.i = 0 and > 0 
= AM- 1. (i.e., none) 

if selected[ij \=N+l, delay = delay + del&y of selected[i], totaltx = totaltx +\ . 

Step 6: Save remaining packets from (after selection) in to buffers. 

for i =0 to N-U transmit selected[i]. Free the buffer positions from which packets are 
transmitted in this slot. 

Step 7: Increment delay of packets within buffer by 1. Increment present timeslot by 1. If 
present timeslot is not equal to time slot count go to Step 2, else go to Step 8. 

Step 8: Count parameters of interest 

packet loss probability = dropped / sum. 

average delay = delay/ totaltx. 

In Step 1 "sum’, "dropped', "delay’, ‘totaltx’ are initialized to zero. 
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In Step 2 Packets after synchronization at link processor will arrive to switching fabric at 
the beginning of timeslot. Arrival process is uniformly distributed. 

In Step 3, controller will form logical queues as explained. In this strategy controller will 
now check whether total packets to /, 'total,’ is greater than b+l (one represents the fact 
that one packet will transmitted in this slot, and the switch can not provide delay more 
than b). If total, is greater than b+\ controller will drop dijfl = total, - [fc+1] number of 
packets to limit total number of packets for i to Z?+l. So X„ew.i becomes (0 < X , < 

Xnew.t )» Vk„cu,j becomes ( may be same as W„ew,i or some packets in this queue may 
have lost ). 

Steps 4, 5 are same as in first strategy but X„ew,, replaced by , Wnew,i replaced by 
Vk,'^,„,,and replaced by replaced by and requires no explanation. 

In Step 6, controller will select free buffers and save packets in them. And selected 
packets in Step 5 are transmitted. The buffer positions from which packets are transmitted 
in this slot are freed. 

Controller will increment delay for the packets saved in buffers before going for 
processing in next time slot. This is repeated. Packet loss probability, average delay are 
calculated as explained in Steps 7, 8 of algorithm. 

Thus the main difference between ‘dropinside’ strategy and ‘drop at the inputs’ strategy 
is that how packets are dropped due to b limitation. In first strategy packets are dropped 
inside the loop after recirculating more than b times. In second strategy packets are 
dropped at the inputs if total number of packets for any output are exceeding ^+1 . 
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Chapter 5 

Priority switching algorithm for the switch 


We have discussed about priority requirements in packet switching networks in 
Chapter 1. In this chapter we propose a priority switching algorithm for the photonic 
switch based on multiwavelength fiber loop memory. 

5.1 Issues in priority switching 

Generally statistical multiplexing is used in packet switched networks as it 
provides more efficient available bandwidth utilization compared to fixed multiplexing 
[11]. Because of statistical multiplexing of a large number of sources in a packet 
switched network, congestion may arise in the network due to overlap of the peak rate of 
different sources in time. This could lead to the possibility of packets being lost inside the 
network. Different approaches have been proposed in the literature to meet QoS (Quality 
of Service) requirements in a packet switched network in the case of congestion in the 
switch buffer. The main QoS requirements deal with cell loss rate and transfer delay 
characteristics. A flexible way to provide different QoS is to provide some priority 
mechanism inside the network. Priorities can be (a) delay (or time) priorities (b) loss (or 
space) priorities. Delay priorities provide preferential service to some classes of traffic in 
order to control their end to end delay and delay variation. Loss (or space) priorities 
provide preferential access to buffer space. We will consider only loss priorities. Recently 
some investigations of various space priority mechanisms have appeared in the literature 
[13,15]. 

Generally to ease the decision regarding which packet to be dropped in the case of 
congestion, the packets are classified as high priority (or Class 1) which are loss 
sensitive, and low priority (or Class 2) which are loss insensitive. The pushout scheme 
[13] is a preemptive technique where an arriving Class 1 (high priority) packet can push 
out (over write) a Class 2 (low priority) packet with minimum delay if it finds the buffer 
full. This requires two operations to be performed in the same slot (a) removing 



(dropping) the low priority packet from buffer position and (b) keeping (writing) newly 
arrived high priority packet in that particular buffer position. 

But in the photonic packet switch based on multiwavelength fiber loop memory 
in the same slot we can not drop packet from a particular buffer position and write a 
packet in to it as explained in section 3.3 (figure 3.3). This means ‘pushout priority 
scheme’ can not be employed for the photonic switch based on multiwavelength fiber 
loop memory. This implies one needs a different priority switching strategy so that high 
priority packet (which is loss sensitive) will suffer relatively low losses compared to low- 
priority packets (which are loss insensitive). 

5.2 Priority switching algorithm for the photonic packet 
switch based on multiwavelength fiber loop memory 

In this algorithm a newly arrived high priority packet finds if there are already h 
(where b is the maximum queue length that is permitted for any particular output) number 
of packets in the buffer for the same destination to which it wants to go, then a low 
priority packet can not be removed from the buffer. Consequently a high priority packet 
can not replace low priority packet as done in ‘pushout’ strategy. So the newly arrived 
high priority packet will try to find position in buffer, then it will pushout low priority 
packet from buffer to limit total number of packets to b for that output. The algorithm is 
presented below. 

Algorithm: 

There exist basically three limitations in the switch. Which are 

1 . In the same time slot it is not possible to drop (or erase) and write a packet in to a 
buffer position. 

2. It is not possible to provide delay of more than b (the recirculation limit) time slots 
using the switch. 

3. Total number of buffers B are such that B < Nb. In the priority algorithm it is made 
sure that all the limitations are reached as explained below. 



-All packets upon arrival in a slot are analyzed for their destination, priority. For each 

output i nuinbei of new packets arrived with high priority and low priority in this slot 
are determined. 

—All packets in buftei aie analyzed for destination, priority and arranged in queues for 
each output / , with packet having high priority, laiger delay being ahead in queue. 

-If delay for any packet in buffer is greater than b (recirculation limit), it is marked as 
dropped But as the packet will be erased in ciinent time slot, no new packet can be 
stored on this wavelength. This wavelength becomes fiee in next time slot. 

-For each output ‘f , 

If there is packet in buffer and that is having high priority, no packet from input 
is assigned direct wavelength 

If there is no high priority packet in buffer and there are one are more high 
priority packets at inputs, one of the high priority packet from input is assigned direct 
wavelength. 

If there is no high priority packet in buffer and there are no high priority packets 
at inputs and there are low priority packets in buffer, no packet from input is assigned 
direct wavelength. 

If there is no packet in buffer and no high priority packets at inputs, one of the low 
priority packets from input is assigned direct wavelength. 

-If there is at least one high priority packet for destination ‘f and sum of newly arrived 
packets and high priority packets from buffer to the destination is exceeding b+\, limit 
the sum of packets mentioned above to b-^\ by first diopping newly arrived low priority 
packets till either the limit is achieved or there are no more low priority packets for that 
destination. If there are no more low priority packets for that destination still limit has not 
been achieved then drop newly arrived high priority packets to limit total number of 
packets for the destination to b+\ . 
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Check whethei the nunnbei of the remaining packets (from buffer, newly arrived) for 
any destination i is gi eater than b+\. If total number of packets for the destination are 
greater than b+\, then tiy to limit the total number of packets for the destination to b+\, 
select randomly one of the newly arrived low priority packets and drop it. This is done till 
limit IS reached or there are no more newly arrived low priority packets. 

—Determine the number of free wavelengths on which packets can be stored. Find 
number of packets at inputs need to be stored. 

While (number of packets need to be stored at inputs > free wavelengths) { 

Choose randomly one of the low priority packet from input and drop it. 

If there are no more low priority packets for any destination then only choose 
randomly one of the high priority ’packets at input and drop it. 

} 

-Assign free wavelengths to all the remaining high priority packets at input to be stored. 

-Check whether the number of the remaining packets (from buffer, newly arrived) for any 
destination ‘f is greater than b+\. If total number of packets for the destination are 
greater than i>+l, then to limit the total number of packets for the destination to b+\, 
select randomly one of the newly arrived low priority packets and drop it. If there are no 
more newly arrived low priority packets for that destination and still total number of 
packets for that destination are exceeding b+\, then erase some of the stored low priority 
packets in buffer which have low delay, till the limit is achieved 

-Assign all the remaining low priority packets at input to be stored free wavelengths. 

—All the packets in buffers with maximum delay taking consideration in to priority are 
transmitted and corresponding buffer positions are marked empty. 


as 



The above algorithm transcends to the following steps to compute average delay and 
probability of blocking for both classes of arrivals. Before going to these steps variables 
used in them are defined. 

highsum, lowsum represents total number of high priority packets, low priority packets 
respectively to all i’s arrived in all the slots. 

highdropped, lowdropped represents respectively the total number of high priority , low 
priority packets dropped in all the slots. 

highdelay, lowdelay represents respectively the sum of delays of transmitted high 
priority, low priority packets in all slots. 

hightotaltx, lowtotaltx represents respectively the count for total transmitted high 
priority, low priority packets. 

'bufreqd' represents number of buffers required in that particular time slot. 

Jreebuf represents free buffer positions available for storage in that particular timeslot. 
'dropinside' represents the number of packets that need to be dropped in side buffer in 
that particular slot (as these packets have rotated already b recirculations, and needs to be 
saved for some more timeslots). 

For each output i (i=0 to A^-1, where N is number of input or output lines) there are four 
logical queues. (1) From buffer to ith output high priority packets, represented by 
Wbuflugh,! of length Xbufhighj, (2) From buffer to ith output low priority packets, represented 
by Wbuflowj of length Xbufiow.h 
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Fig 5, 1 : Logical queues used in algorithm 



(3) From newly arrived high priority packets in that time slot to ith output, represented by 
Wnewhigh,i of length Xnewhigh.it (4) From newly arrived low priority packets in that time slot 
to ith output, represented by Wnewiow.i of length Xnewhw.i as shown m the figure 5.1 . 
'posinuse' is a variable saving the buffer positions in which packets have delay greater 
than b and will be dropped in this slot. 

‘selectedlow’ represents number of total low priority packets that will be transmitted 
directly in that particular time slot. 

'bufreqd[ij’ represents number of buffers required to save packets contending for i, 
'selectedliy represents buffer position or input port number from which packet will be 
selected for transmission for ‘i’ th output. 

Step 1 : highsum=0, highdropped=0,highdelay=0,hightotaltx=0,lowsum=0,lowdropped=0, 
lowdelay=Q, lowtotaltx=0. 

Step 2: Get packets from link-processor. Increment highsum by 1 if packet coming is of 
high priority and lowsum if packet coming is of low priority. Set dropinside=0, 
bufreqd=Q, freebuf=0. 

Step 3: Check if in any buffer position delay > b. If delay > b for any buffer position 
increment "dropinside' by 1 and note that buffer position in ‘posinuse’. Drop the packet 
from that buffer position and turnoff SOA. For each dropping increment ‘highdropped’ 
(i.e., highdropped = highdropped +1) if the packet dropped is of high priority, else if 
packet dropped is of lovv priority increment ‘lowdropped’ . 

Step 4: form logical queues from buffer to i, Wbufhigh,i of length Xbup„gii,i . Wbuflow.i of length 
Xbuflow.i and from newly arrived packets in that time slot to i, represented by Wnewhighj of 
length Xnewhigki , Wnewlow.i Of length Xnewhw.i- Define total, = XbuPugh., + X„ewhigh.i + Xnewlow.i ■ 


If {totali >Z>+1) 

Define diffl = totaU - [&+1], 
whi\e(diffl > 0) drop packets 
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(a) randomly from logical queue Wnewhw, , > 0). 

For each packet dropping increment ‘lowdropped' by 1 (i.e , lowdropped = lowdropped 
+1), decrement XnewUn.., (i e., Xnewhw., = - 1), decrement 'diff]\le.,diffl = diffi - 

1 ). 

(b) randomly from logical queue W;„„,/»s/u ^KXnewhw, = 0). 

For each packet dropping increment ‘ highdropped" by 1 (i.e., highdropped = 
highdropped +1), decrement X„ewiu!>h., (i.e., = Xnewiui-iu - 1), decrement dijfl 

(lc.,diffl = diffi - 1). 

After this step Xnewhw., becomes and WnewUm., becomes and Xnewiuaiu 

becomes and W, becomes . Do Step 4 for each i (i.e., i=0 to N-\). 

Step 5: 

Define grandtotcilfirstfi] = Xhufj,if,i!,, + X + Xbupu>ih i + ^ nmhw.i • 

If igrandtotalfirstfi] > [£>+1]) define diffi = grandtotalfi] - [b+\]. 
while (diff2>0 and ) { 

Drop packets from • Increment 'lowdropped' by 1 (i.e., lowdropped =lowdropped 

+1 ) for each dropping packet. Decrement by 1 and diffi by 1 . 

} 

After this process becomes becomes • 

Step 6 : bufreqd[ i] = , if {Xb^iugh.i > 0) 

= ^Lwluxh.r ^ newJugb., > 
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^ newlow, I ’ (Xbufhigh.i -Oand , — 0 3.nd ^hiifiow^i '> 0) 

newlow.t 1 > >f (Xbufhigh.t - 0 and , - 0 and Xbujhw.i = 0 and 

= 0, otherwise. 

Set a variable selectedlow = 0. 

Increment 'selectedlow' by 1 if bufreqd[i] = 1. 

w-i W-l 

bufreqd = 5^ bufreqdli] ,freebuf= B - ) - dropmside. 

1=0 1=0 

N-l 

Define dijf= bufreqd -freebuf and tmp = , - selectedlow. 

1=0 

while {difl>Qi) 

(a) while {tmp > 0) 

select some i such that [( > 1) or {{Xbufiugiu > 0 or ^,1.,.%/,, > 0 or Xbuftow., > 0) and 
^L/«h..,> 0 }] randomly. 

drop a packet randomly from queue . For each packet dropping increment 

'lowdropped' by 1 (i.e., lowdropped = lowdropped +1), decrement ‘diff by 1 (i.e., diff' = 
decrement 'tmp' by 1 (i.e., tmp = tmp -1 ). 

(b) if (tmp=0) 

Select some i such that [(Xl^^f,i^,, , > 1) or {Xbuflugki > 0 and , > 0)] randomly. 
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Drop a packet randomly from queue . For each packet dropping increment 

‘highdropped' by 1 (i.e., highdropped = highdropped +1), decrement ‘dijf by 1 (i.e., diff 
= diff-\). 

After this step becomes becomes W,:,,,,.,, and 

becomes becomes . 

Step 7: selected[i] = randomly one from Wbupu^iu with maximum delay, 

if {^^hufhigh, i ^ 0) 

= randomly one from , if {Xbufinah,, = 0 and X mwhijih.i ^ 

= randomly one from Wbufiow.i with maximum delay, if (Xbuflui'h., = 0 and 

^ newhigh.i ~ ^ ^^Xbufhi^h.i > 0) 

= randomly one fromW„^„„„„„ , if {Xbufhn-h., = 0 and = 0 and 

Xbuf/ii}-ii I — 0 s-nd > 0) 

= N+l. (i.e., none) 

If selected[i] !=A+1, 

(a) if priority of the selected packet is high then 

highdelay = highdelay + delay of selectedfi], hightotaltx = hightotciltx +1. Do this for 
each i. (i.e., i = 0 to iV-1). 

(b) else if priority of the selected packet is low then 

lowdelay = lowdelay + delay of selected[i], lowtotaltx = lowtotaltx +1. Do this step for 
each i. (i.e., / = 0 to A^-1). 

Step 8: Define grandtotalsecondfi] = Xbufhigh.i + ^mwuw ■ 
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lf{grandtotalsecond[i] > ^+1) define dijf4=igrandtoatlsecond[i]-b+l). 
while(diff4 > 0){ 

(a) if ( >0) drop packet from , . Decrement by \, diff4 hy 1. 

(b) if( — 0) drop a packet with minimum delay from , decrement dijf4 by 

1 . 

} 

After this step becomes becomes 

Step 9; Save remaining packets from (after selection in the case of 

direct transmission) in to buffers by making sure that this buffer position is not one of 
‘posinuse\ for i =0 to N-l. Transmit selected[i] . If packets selected in this time slot are 

from buffer, free corresponding buffer positions. 

Step 10; Increment delay of packets within buffer by 1. Increment present timeslot by 1. 
If present timeslot is not equal to time slot count go to Step 2, else go to Step 1 1 . 

Step II; Count parameters of interest 

packet loss probability for high priority = highdropped/highsum. 

packet loss probability for low priority = lowdropped/lowsum . 

average delay for high priority = highdelay/hightotaltx. 

average delay for low priority = lowdelayAowtotaltx 
Above algorithm is explained below. 

In Step 1 highsum, lowsum, highdropped, lowdropped, highdelay, lowdelay, 
hightotaltx, lowtotaltx are initialized to zero. 

In Step 2 packets after synchronization at link processor will arrive to switching 
fabric at the beginning of timeslot. Arrival process is uniformly distributed. It has been 
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assumed that priority of packets coming also uniformly distributed. For each high priority 
packet arriving ‘highsum’’ is incremented by 1 and for each low priority packet arriving 
‘lowsum' is incremented by 1. ' dropinside’’ is initialized to 0. Controller will check in the 
beginning whether for any packet in the buffer the delay is greater than b and the packets 
are still required to provide delay. Controller will turn off the SOA corresponding the 
particular buffer position and that buffer position is not available for storage as explained 
in section 3.3. So controller needs to make sure that, the buffer position, which has been 
freed in this slot should not be used in the same slot. So controller is saving the buffer 
positions which have been freed in this slot in a variable 'posinuse' . Each time controller 
is dropping a packet inside it is incrementing 'highdropped' by 1 if the packet dropped is 
of high priority and ‘lowdropped’ by 1 if the packet dropped is of low priority, 
‘‘dropinside’ by 1, and controller will note the corresponding buffer position in 
'posinuse\ This is done in Step 3. 

It is important to note that only low priority packets may get dropped inside the loop in 
this algorithm. This will happen because if a low priority packet, which is in buffer and 
have already recirculated b number of recirculations. But in the present time slot a high 
priority packet have arrived for the same destination then the newly arrived high priority 
packet will be transmitted in this particular time slot, so the low priority packet from 
buffer has to remain in buffer in this slot also. So in the next time slot controller will find 
this low priority packet has rotated more than b recirculations, and will drop the packet 
by turning off the SOA corresponding to the buffer position. High priority packet will be 
never dropped inside. 

In Step 4, controller will form logical queues as explained in figure 5.1. Controller 
will now check whether sum of (a) high priority packets from buffer to i (b) newly 
arrived high priority packets to i (c) newly arrived low priority packets to i, represented 
by 'total: is greater than b+\. If ^totai; is greater than b+\, controller will be dropping 
packets from Wnewiow.i till limit is achieved, if there are no packets left in Wne^oow.i and 
limit is still not achieved then controller will drop packets from ^newhigh i litTlit iS 
reached. For each dropping low priority packet from Wnewiow.i contioller will increment 
dowdropped' by 1 and for each dropped high priority packets controller will be 

incrementing ‘’highdropped' by 1. After this step Xmew/wu,; becomes (0 < , 
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< Xnewlow, )and Wne^iow, bccomes w;,‘^,„^,,(may be same as ) and Xnewh.xh, 

becomes (0 < < XnewUigh.t) and Wnewin^h.i becomes ^ (may be 

same as Wnewhi^'hj) • Stcp 4 for each i (i.e., i=0 to A^-1). 

In Step 5, controller will check whether sum of all the logical queues (recently) 
for a particular i , is exceeding h+\. If sum of these logical queues for any particular ‘z’ 
is exceeding h+\ controller will try to achieve this limit by dropping newly arrived low 
priority packets till limit is reached or there are no more newly arrived low priority 
packets for that destination. 


After this process becomes 


(0 <x- , < X 

w,i ^ ncwlimj — 


1 

newlow.i 


),W 


1 

newlow,! 


becomes (may be same ). 


In Step 6, first number of buffers required in different cases for any ‘z’ th output is 
evaluated, then total number of buffers required is calculated as sum of buffers required 
for all z‘’s. Controller will increment ‘^selectedlow' by 1 for each packet that will be going 
to be transmitted from ‘selectedlow' is required in case of dropping newly 

arrived low priority packets when sufficient number of free buffers not available to save 
contending packets for various output lines as explained below. Controller will check the 
number of free buffers available, by making sure that the buffers which are freed in this 
slot (by dropping packets inside as explained in Step 3) are not be treated as free buffers 
available for storage (that is why there is 'dropinside' term is present in Jreebuf 
equation). Controller will then check whether free buffers available are sufficient to save 
the packets contending for different outputs, if they are not sufficient controller will 

define a variable ‘tmp’ defined as ‘ , - selectedlow' . Controller will start 

1=0 

dropping newly arrived low priority packets by randomly choosing some ‘z’, by making 
sure that there exist at least one packet (if any is there)for each ‘z’. Each time a newly 
arrived low priority packet is dropped 'tmp' decrements by 1. If ‘tmp' has reached 0 and 
still free buffers are not there to save newly arrived high priority contending packets, 
newly arrived high priority packets are randomly dropped from , by making sure 

that there exists at least (if any there) for transmission on ‘z’. After this step 
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becomes ^ 


'' newlow, 


J’ Kewtow, becomes 


W. 


newlow 


,, ) and Z,‘ ^ becomes Z^,,(0<Z^ < X' ) 

newhifffu ^ newfuf’h i ^ newluah , /’ 


(may be same as W,l^„. ). 


(may be same as 
W' , , becomes 


In Step 7, packets that to be transmitted are selected according to the priority, 
maximum delay conditions randomly. Delays of selected packets depending on their 
priorities are added to "lowdelay' (if low priority packet is selected) or "highdelay' (if 
high priority packet is selected) depending on the case. Similarly 'hightotaltx' or 
‘lowtotaltx’ are incremented by 1 depending on the priority of packet selected for 
transmission. 

In Step 8, controller will check whether sum of all packets to a particular 
destination exceeding b+l, if this is trae, controller will drop packets from till 

limit is achieved or there are no more packets in , . If there are no more packets in 

controller will drop packets from Wbujhw.i till limit is achieved. After this step 
^ newlowd becomes (0 — X 

newlow, I ^ ^ newhw.t ^ ^ newlow, i becomes (may be 

same as „„,,,). 

In Step9, first high priority packets that are there in logical queue are 

saved in to the buffers by making sure that the buffer position is not one in 'posinuse\ 
Save remaining packets from buffers by making sure that this buffer 

position is not one of ‘posinuse’, for / = 0 to iV-1. Transmit selected packets in Step 7. If 
packets selected in this time slot are from buffer, free corresponding buffer positions. 

Controller will increment delay for the packets saved in buffers before going for 
processing in next time slot. This is repeated. Packet loss probability, average delay for 
both the priority classes are calculated as explained in Steps 10, 1 1 of the algorithm. 
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Chapter 6 
Results and Discussion 


In this Chapter simulation results of the work carried out are presented. First a 
comparison of two switching strategies for the all-optical switch based on 
multiwavelength fiber loop memory i.e,, (1) ‘drop at inputs’ switching strategy and (2) 
‘drop inside switching strategy is given. Comparison is made by varying ‘recirculation 
limit’ {b), total number of buffers (5), load (p). Simulation is carried out by assuming 
high arrival rates as these switches, which will generally be encountered in backbone 
networks. It is also assumed that due to noise limitations it is not possible to employ large 
number of buffers (B) in the switch. Then the performance of the proposed priority 
algorithm for the switch and its effectiveness in minimizing packet loss probability for 
high priority packets (which are loss sensitive) relative to low priority packets (which are 
loss insensitive) is evaluated, by comparing packet loss probability and delay for both the 
arrival classes with the case when no priority is there in the switch. 

6.1 Comparison of ‘drop inside’ and ‘drop at the inputs’ 
strategies 

(i) Varying ‘recirculation limit’ (b) 

For a given buffer size (B) and load (p) in both the strategies when ‘recirculation limit’ 
(h) is very small, packet loss probability is very high and average delay is very low. This 
is because, even if there are sufficient number of buffers (may heB>Nb when b is small) 
are available, the switch can not store packets for any particular output more than 
‘recirculation limit’ (b), and hence more number of packets will be dropped. As queue 
size for any output will not exceed b and b is small, average delay remains small when b 
is small in both the strategies. At these values of b (i.e., small values of b) both the 
strategies are performing similarly. This can be observed from figures 6. 1 to 6.6. In these 
figures packet loss probabilities are plotted on logarithmic scale. As b increases, packet 
loss probability decreases till a particular b value is reached (this value depends on B and 
p) after which packet loss probability remains constant in both the switching strategies. 
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For a given set of p, B the switch can not provide packet loss probability less than this 
particular packet loss probability irrelevant of recirculation limit (b). Coming to average 
delay, in both the strategies it increases and reaches a constant value, as now packets that 
can be stored for any particular output are large. This implies that for a given set of p, B 
packets foi any output port will never experience delay more than this value. The value of 
b., at which this constant packet loss probability and average delay occurs, depends on B 
and p. For this range of values of b there exists a difference in packet loss probabilities, 
average delays of both the switching strategies. These differences actually depend on p 
and B. Similar results are obtained for other values of p. Figure 6.2 shows average delay 
and packet loss probability variation with b for p=0.8. In figure 6.3 after some value of b, 
packet loss probability becomes very low. The simulation time needed to estimate the 
probability is observed to become very large. Hence it is difficult to estimate the 
probability. One can only say it is very low. This corresponds to infinity in logarithmic 
scale hence no value will be shown. Due to large and impractical computational time 
required, confidence intervals are not calculated for these results. 

In general packet loss probabilities that can be achieved by ‘drop at inputs’ switching 
strategy are less than those of ‘drop inside’ strategy. For the range of b values which this 
happen average delays are more in ‘drop at inputs’ switching strategy than in ‘drop 
inside’ switching strategy. These differences in packet loss probability, average delays 
are very small. Except these differences both the switching strategies perform similarly. 

(ii) Varying ‘buffer size ' (B) 

As buffer size B increases packet loss probability in both the switching strategies 
decreases and average delay in both of them increases. For a given p, as ‘fi’ increases the 
value of h, at which packet loss probability, average delay becomes constant, as 
mentioned above will be increasing (figures 6.1 to 6.3). As B increases packet loss 
probability difference of both switching strategies (for a given p and b where the 
difference exists) remains almost same in both switching strategies, but the difference in 
delay decreases. This can be observed in figures 6.1 to 6.3. 

(iii) Varying ‘load’ (p) 

As load increases packet loss probability, average delay for a packet increases in both the 
switching strategies. For a given B, as load (the arrival rate) increases the value of b, at 
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Figure 6.4: Comparison of ‘drop inside’ and ‘drop at inputs’ switching strategies at B-10, 
varying b, p. 
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which packet loss probability, average delay becomes constant, as mentioned above will 
be increasing. This can be observed from figures 6.4 to 6.6. Further as load increases the 
difference of packet loss probabilities in both switching strategies (for a given B and b 
where the difference exists) remains almost same, but the difference in delay Increases 

slightly. 

Fioni simuliition results shown in figures 6.1 to 6.6, it can be said that both the 
switching stiategies are performing almost similarly except with some minor differences. 

6.2 Performance of priority switching algorithm 

In this section the perforntance of the proposed priority switching algorithm in reducing 
packet loss probabilities for the loss sensitive high priority packets relative to loss 
insensitive low priority packets is presented, by comparing it with ‘without priority’ case 
in which both the classes (high priority, low priority) are given same priority. Effects of 
varying h, B and p on priority algorithm are presented. 

(i) Varying * recirculation limit’ (b) 

High priority packets will suffer low packet loss probabilities relative to low priority 
packets for all range of h values. When recircualtion limit {b) is very small packet loss 
probabilities for both high priority and low priority classes using priority algorithm (from 
now this will be called Case 2) are large. But when these are compared with ‘without 
priority’ case (from now this will be called Case 1), packet loss probability for high 
priority packets is smaller, and that of low priority packets is larger. Coming to average 
delay for a packet, when h-Q delay is zero for both the classes of arrivals (i.e., high 
priority as well as low priority) in both the Cases (i.e., priority and without priority). As 
b increases packet loss probability for both the classes of arrivals goes down and reaches 
a constant value in Case 2 as in Case 1 . 

Packet loss probability for high priority packets attains a minimum value as b is 
increasing from lower values, and remains at this minimum value for a range of values of 
b, and then increases with b to reach the constant value. This happens because initially 
packet loss probability is higher as, b values are very small and more packets are 
dropped. As b increases packet loss probability goes down and reaches a minimum value, 
as high priority packets will find sufficient number of free buffers on arrival. The range 
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of values of b for which packet loss probability for high priority packets remains at 
minimum value depends on p, B. As b increases further packet loss probability for high 
priority packets starts increasing and reaches the constant value (which depends on p, B). 
This IS because high priority packets on arrival will not find sufficient number of free 
buffers. The constant value at which high priority packet loss probability remains is still 
very small compared with Case 1. But the price paid for this improvement is that there is 
an increase in packet loss probability values for low priority packets compared to Case 1. 
This is because high priority packets are always given priorities in case of transmission 
over low piioiity packets, and high priority packets if finds position in buffer and total 
number of packets for any destination exceeds b low priority packets will be dropped 
from butler. This can be seen in figures 6.7 to 6.17. In these figures to show the 
effectiveness of proposed algorithm in minimizing packet loss probability for high 
priority packets relative to low priority packets as compared to Case 1, it has been 
assumed that both the arrival classes (i.e., high priority, low priority) are coming with 
equal probabilities (In practical conditions arrival rates of high priority packets are 
smaller than low priority packet arrival rates). Packet loss probabilities are plotted on 
logarithmic scale and as packet loss probabilities of high priority packets in figures 6.10, 
6.12, 6. 17are reaching to very low values for some range of values of b, there is no 
packet loss probability in this range. 

Coming to average delay for a packet, high priority packets in ‘priority’ algorithm 
(Case 2) will experience much smaller delays than in ‘without priority’ algorithm (Case 
1). But average delay for a packet of low priority packets in ‘priority’ algorithm goes 
higher than in ‘without priority’ algorithm. 

From the results shown in figures 6.7 to 6.17 one can say that proposed priority 
switching algorithm for the switch is effective in minimizing packet loss probability, 
average delay of high priority packets relative to low priority packets than in ‘without 
priority’ Case. 

(ii) Varying ‘bujfer size ’ (B) 

At a given p, as buffer size (B) increases packet loss probabilities go down for both the 
arrival classes as in Case 1 . The minimum packet loss probability value for high priority 
packets using ‘priority’ algorithm as discussed above go down with increasing B values. 
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Fig 6.7: Priority vs Without priority at p = 0.9, varying b, B. 
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coming 10 average delay for a paeket. with increasing B. increase in delay for high 
priority packets will be very small. But the increase in average delay for low priority 
packets will be larger with increasing B. This can be observed from figures 6.7 to 6. 12. 
(iii) Varying 'load’ (p) 

At a given B, as load (p) increases packet loss probabilities and average delays go up for 
both the arrival classes as in ‘without priority’ Case. The minimum packet loss 
probability value for high priority packets using ‘priority’ algorithm as discussed above 
go up with increasing /; values. With increasing p, increase in delay for high priority 
packets will be very small, but the increase in average delay for low priority packets will 
be larger with increasing/;. This can be observed from figures 6.13 to 6.17. 
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Chapter 7 
Conclusion and Future scope 

This work proposes switching strategies for the all-optical switch based on 
multiwavelength fiber loop memory, which uses shared buffer with and without priority 
traffic. 

We will first conclude that for a given buffer size (5), and load (p) it is not 
possible to achieve packet loss probability less than certain minimum value and there is 
no need to have recirculations more than certain minimum value. Our second observation 
is that both the switching strategies considered, i.e., ‘drop inside’, ‘drop at inputs’ 
switching strategies perform almost similarly. We will finally conclude that, it is not 
possible to employ ‘push out’ priority scheme in the switch. Proposed priority switching 
algorithm is effective in minimizing packet loss probability of high priority packets 
relative to low priority packets, than in ‘without priority’ case. 

Future scope 

Present work can be extended in many ways. Some possible directions are: 

• Issues regarding synchronization can be focused. 

• Possibility of implementing multicasting with switch can be investigated. 

• Mathematical modeling of the switching strategies considered can be investigated. 

• Noise analysis of the switch can be done to determine possible number of recirculations 
for a given buffer size. 
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